INTRODUCTION
Many mechanisms have been proposed for driving rock uplift and mountain building throughout Alaska, but most have been related to the collision and fl at-slab subduction of the Yakutat microplate, which began subducting in the Cenozoic (Plafker, 1987; Bruhn et al., 2004; Haeussler, 2008) and possibly as early as the late Eocene-early Oligocene (Finzel et al., 2011) . The subducted Yakutat microplate has been geophysically imaged (Eberhart-Phillips et al., 2006; Fuis et al., 2008) , and these images show that the subducted Yakutat microplate extends from the Saint Elias Mountains region in the southeast to the Alaska Range in the northwest (Fig. 1) . The Yakutat collision is driving deformation into central interior Alaska (e.g., Haeussler, 2008) ; however, the timing of mountain building in the western Chugach Mountains and Prince William Sound region and its relationship to Yakutat collision and subduction remain unclear. This region is composed of a major syntaxis, as defi ned by the maximum curvature of major fault systems and topographic trends (Figs. 1 and 2A) , and thus it is a critical region for a more complete understanding of the effects of plateboundary deformation in southern Alaska.
Long-term deformation in the western Chugach Mountains is evident by high peaks that reach elevations of ~4 km and rugged topography, constituting the greatest topographic relief of any emergent accretionary prism in the world. Much of the topography is infl uenced by glacial erosion, as this area retains one third of the present glaciated area of Alaska and is situated along the southern Alaska coast exposed to high coastal precipitation. The western Chugach syntaxis as defi ned in this study is the area located south of the Border Ranges fault system and includes northern Prince William Sound, where the topographic grain and the general strike of bedding, cleavage, and major fault systems display the greatest curvature between the Kenai Mountains to the west and the eastern Chugach-Saint Elias Mountains region to the east (Figs. 1 and 2). The western Chugach syntaxis is part of the long-lived Alaskan orocline (Carey, 1958; Glen, 2004) , which is thought to have developed during the Late Cretaceous and Paleocene (Coe et al., 1985; Plafker, 1987) . We refer to the region roughly surrounding Mount Marcus Baker in the western Chugach Mountains and northern Prince William Sound, where rock uplift and exhumation rates are highest, as the Chugach core ( Fig. 1) . High rock uplift and exhumation within structural syntaxes is common in orogenic belts throughout Alaska (e.g., Fitzgerald et al., 1995; O'Sullivan and Currie, 1996; Enkelmann et al., 2009; Spotila and Berger, 2010) and elsewhere (e.g., Zeitler et al., 2001; Koons et al., 2002; Finnegan et al., 2008) , and thus it is important to understand the causes and mechanisms of deformation in different types of orogenic systems.
The purpose of this study is to quantify exhumation in the western Chugach syntaxis and to investigate mechanisms of mountain building. We present new low-temperature thermochronology age constraints on the spatial and temporal patterns of exhumation that allow us to: (1) quantify the magnitude of rock uplift and exhumation; (2) provide new estimates of the long-term exhumation rates; and (3) interpret the evolution of the western Chugach Mountains in regard to the styles and causes of deformation and uplift. Our fi ndings provide insight into the understanding of the near-and far-fi eld effects of fl at-slab subduction, and its timing, in south-central Alaska.
GEOLOGIC SETTING Tectonic Setting
The western Chugach Mountains and Prince William Sound make up a region of recent tectonic activity, as indicated by the 1964 M w 9.2 megathrust earthquake, which attests to the accumulation of elastic strain in the Alaska forearc, at least over decadal or shorter time scales (Zweck et al., 2002; Freymueller et al., 2008) . Elastic dislocation models indicate the Yakutat and North American plates are coupled below Prince William Sound and that the area is partly or completely locked at the megathrust interface (Zweck et al., 2002) . This high degree of plate coupling may be strongly related to Yaku tat underplating and structural discontinuities that are geophysically imaged below parts of the western Chugach Mountains and Prince William Sound (Eberhart-Phillips et al., 2006; Fuis et al., 2008) . The difference between observed and modeled global positioning system (GPS) velocities shows NW-directed horizontal velocities of ~5-10 mm/yr in the region between the Border Ranges fault zone and Contact fault in the western Chugach Mountains (Suito and Freymueller, 2009 ). The Border Ranges-Contact fault region, however, only accounts for a small fraction of the total relative North American-Yakutat northwest convergence of ~45-50 mm/yr (DeMets et al., 1994; Fletcher and Freymueller, 2003; Freymueller et al., 2008; Elliott et al., 2010) or the 35-57 mm/yr northwest velocity of Prince William Sound area relative to North America (Freymueller et al., 2008) .
Much of the permanent Yakutat-related deformation in southern Alaska is accommodated in the Saint Elias orogen, located southeast of the Chugach core, and many studies have addressed deformation and exhumation in this orogenic belt (e.g., O'Sullivan and Currie, 1996; Bruhn et al., 2004; Pavlis et al., 2004; Spotila et al., 2004; Meigs et al., 2008; Berger et al., 2008a Berger et al., , 2008b Berger and Spotila, 2008; Enkelmann et al., 2008 Enkelmann et al., , 2009 Spotila and Berger, 2010) . Thermochronology data from the Saint Elias Mountains and eastern Chugach Mountains, especially around the Bering and Malaspina Glaciers, document the highest exhumation rates in Alaska of ~4 mm/yr (Spotila et al., 2004; Berger et al., 2008a Berger et al., , 2008b Berger and Spotila, 2008; Enkelmann et al., 2008 Enkelmann et al., , 2009 Spotila and Berger, 2010) . These authors attributed rapid and recent rock uplift in this region to the outboard location along the current oblique Yakutat collision front, the position in structural syntaxes, and extreme glacial erosion.
Sparse apatite helium age data in the Chugach and Kenai Mountains around the periphery of the western Chugach core ( Fig. 2A) indicate relatively slow exhumation rates of ~0.2 mm/yr (Buscher et al., 2008) since the mid-Tertiary. These data imply that far slower exhumation has occurred above the subduction zone than expected and yield rock uplift and exhumation rates that seem enigmatic relative to the rugged topography and high relief. Buscher et al. (2008) proposed rapid exhumation in the Chugach core, but they did not have data from that region.
Rocks of the Western Chugach Mountains and Prince William Sound
Southern Alaska is dominated by a number of accreted composite terranes that become younger progressively southward. The study area consists mainly of two composite terranes ( Fig. 2A): (1) the Mesozoic Chugach composite terrane to the north and (2) the Paleogene Prince William composite terrane that rims the southcentral Alaskan margin Plafker and Berg, 1994) .
The Chugach accretionary complex, sometimes referred to as a terrane, consists of the Permian to mid-Cretaceous McHugh Complex and the Late Cretaceous Valdez Group . The study area is dominated by the Valdez Group, which varies from lithic-rich metasedimentary and volcaniclastic graywacke, to fl ysch and turbidite sequences with sandstone compositions (dominantly quartzofeldspathic), and minor basalt . These rocks were metamorphosed from zeolite to greenschist facies in the study area as doi:10.1130/B30738.1 Geological Society of America Bulletin, published online on 5 April 2013
The Prince William composite terrane is the youngest part of the accretionary complex and is composed of the late Paleocene to middle Eocene Orca Group, which consists of thick fl ysch complexes, basaltic fragments, hemipelagic mudstone, and conglomerate metamorphosed from prehnite-pumpellyite to greenschist facies (Winkler, 1992; Nelson et al., 1999; Bradley et al., 2003) .
After Valdez and Orca Group deposition, plutons of gabbroic to granitic compositions were emplaced along the southern margin of Alaska (Hudson et al., 1979; Bradley et al., 1993 Bradley et al., , 2003 . Igneous intrusions crop out within the study area from two discontinuous belts: (1) the Paleocene-early Eocene Sanak-Baranof belt intrusions, and (2) the late Eocene-Oligocene intrusions (Hudson et al., 1979; . U-Pb ages on the Sanak-Baranof belt intrusions range from 61 to 48 Ma. U-Pb and Ar-Ar ages from the Oligocene intrusions range from 39 to 29 Ma (Nelson et al., 1985; Winkler, 1992; Bradley et al., 1993 Bradley et al., , 2000 Haeussler et al., 2003) . Smaller felsic to intermediate dikes, sills, and stocks are common throughout the Valdez Group and Orca Group (Winkler, 1992; .
Geomorphic and Structural Setting
The diffuse tectonic regime that extends regionally from the Aleutian Islands to British Columbia is characterized in southern Alaska by an arcuate architecture between the Alaska Range to the north and the Chugach-Saint Elias Mountains to the south (Fig. 1) . The arcuate Border Ranges fault system may defi ne a backstop to deformation where the Chugach terrane is thrust up against the arc-basement PeninsularWrangellia terrane (Little and Naeser, 1989; Pavlis and Roeske, 2007; Fuis et al., 2008) . To the south, the arcuate Contact fault system separates the Valdez and Orca Groups and is the southern boundary between the Chugach and Prince William terranes. The kinematics and location of the Contact fault in this area are contentious because of uncertainties in dating, lack of fossils for correlation, structural complexity, and the similarity of metamorphism and lithology (Dumoulin, 1988; Bol and Gibbons, 1992) . This study addresses the location of the Contact fault system and possible phases of major displacement.
The western Chugach Mountains are situated along the southern Alaska coast and are exposed to abundant coastal precipitation and glaciation (Péwé, 1975; Post and Meier, 1980; Molnia, 2008) . The western Chugach Mountains and Prince William Sound are etched by glaciation, as evident from the extensive fi ord systems and rugged topography. Numerous faults are untraceable under glaciers and fi ords and/or are unidentifi able because of similar rock types across them. However, the arcuate nature of the fi ords and glaciers that mirror the structural grain imply that faults are commonly present and concealed.
Mount Marcus Baker and adjoining peaks reach elevations of ~4000 m in the western Chugach Mountains. Tidewater glaciers, which dominate northern Prince William Sound, move at modern rates of tens to hundreds of meters per year (Field, 1975; Molnia, 2008) and erode massive areas, including the ~300-m-deep fi ord down gradient of the largest glacier in the sound, Columbia Glacier. Drainages along the northern fl ank of the western Chugach Mountains feed the Matanuska and Copper Rivers to the north and east.
THERMOCHRONOLOGY

Thermochronology Background
This study focuses on the transport of material in Prince William Sound and western Chugach Mountains through closure temperatures upwards of ~240 °C. We use complementary low-temperature thermochronologic systems with different effective closure temperatures; these temperatures are ~65 °C and ~180 °C for apatite and zircon (U-Th)/He ages, and ~110 °C and ~240 °C for apatite and zircon fi ssion-track ages, respectively Farley, 2002; Reiners, 2005; Reiners and Brandon, 2006; Ketcham et al., 2007; Flowers et al., 2009) . The combination of multiple thermo chronometers may provide general spatial and temporal constraints on exhumation rate changes and causes of rock uplift, and provide insight into the degree of steady state of an orogen (Brandon et al., 1998; Willett et al., 2001; Willett and Brandon, 2002; Batt and Brandon, 2002; Ehlers and Farley, 2003; Reiners and Brandon, 2006) .
Field Approach and Methods
Samples generally were collected along a northwest-trending, ~160-km-long transect that is perpendicular to the structural grain and subparallel to Yakutat motion ( Fig. 2A) . New ages from 42 samples are reported in this study (Tables 1 and 2; Tables DR1, DR2, and DR3   1 ), which we combine with ages from previously published studies ( Fig. 2A) Apatite (U-Th)/He ages (AHe) were determined for 38 samples. For each sample, four to seven single-grain ages were determined by laser and inductively coupled plasma-mass spectrometry (ICP-MS) techniques at Caltech. Raw ages were corrected for alpha ejection effects (Ft correction) following methods described by Farley et al. (1996) and Farley (2002) (Table DR1 [see footnote 1]). Several samples display single-grain age outliers; these outliers (n = 27 out of 166 total grains) are nearly all signifi cantly older than the mean of the other single-grain ages in that sample. The percentage of outliers from our single-grain analyses (16%) is higher than the 8%-10% outliers from multiple-grain aliquot replicate analyses from the Kenai Peninsula and western Chugach Mountains (Buscher et al., 2008) or from the Saint Elias region (Berger et al., 2008b; Spotila and Berger, 2010) . These old age outliers are interpreted to be the result of excess helium from undetected inclusion phases such as zircon in the apatite grains. Two samples with four singlegrain ages each have one single-grain age that is signifi cantly younger than the other three ages (Table DR1 [see footnote 1]). We exclude these young outlier ages from the average age, but this does not signifi cantly affect our results and interpretations. After outlier removal, the average relative standard deviation for 34 of the AHe ages is ±17.2% (1σ). Four AHe ages reproduce poorly at >40% (1σ). The AHe ages reported in Table 1 are average ages of single-grain replicates with outliers removed.
Zircon (U-Th)/He ages (ZHe) were determined for three samples. For each sample, ages were determined for four aliquots containing three to four similar-sized grains each (Table  DR1 [see footnote 1]) by laser and ICP-MS techniques at Caltech. Raw ages were corrected for alpha ejection effects. The ZHe ages reported in Table 1 are average ages of aliquot replicates. The four replicates show good repro ducibility for two of the three samples. In one Valdez Group sandstone sample, two aliquots have ages that are much younger than the other two. We exclude these two young ages from the sample mean age, because (1) they are younger than the same sample and/or nearby apatite fi ssion-track age, and (2) they have relatively high effective uranium concentrations (1000-2000 ppm), which may cause signifi cant radiation damage and lower He retentivity (Reiners, 2005) . After excluding the two outlier grains, the average reproducibility of the ZHe samples is ±9% (1σ).
Apatite fi ssion-track ages (AFT) were determined for 22 samples. Analytic data are reported in Table DR2 (see footnote 1), and ages are summarized in Table 1 . Ages were determined using standard external detector methods (see Data Repository [footnote 1]). Fission tracks were ∆h-difference between the actual elevation of a sample and the average elevation around a 10 km radius of a sample (Brandon et al., 1998) .
#
Ages are reported from analytical data (Tables DR1 and DR2 [see text footnote 1]) and errors for fi ssion-track (FT) and He ages are reported as 1σ and one standard error, respectively. **Zc-elevation-corrected closure depth (Brandon et al., 1998) . For AFT samples, a closure temperature of 110 °C is used. † † ε-apatite fi ssion-track and apatite helium exhumation rate calculated from the elevation-corrected closure depth. § § Tc-AHe effective closure temperature calculated for individual grains with diffusion parameters from Farley (2000) . as doi:10.1130/B30738.1 Geological Society of America Bulletin, published online on 5 April 2013 counted in 20-30 grains for granitic samples and in 40 grains for sandstone samples; many of the sandstone grains contained no spontaneous tracks. Horizontal confi ned track lengths were insuffi cient for measurement due to low spontaneous track densities, but Cf-252 irradiation allowed revelation of suffi cient horizontal confi ned tracks in two representative samples. Dpar was measured on most age-dated grains, and average sample Dpar varies from ~1.0 µm to ~2.5 µm, with no systematic variation between sample pooled ages. Single-grain age distributions for each sample are narrow and display P(χ 2 ) (Galbraith, 1981) typically greater than 80% (average of all samples is 82%), indicating little variation in intergrain annealing kinetics and/or relatively little time spent in the apatite partial annealing zone. The average relative standard deviation for the 22 AFT samples is ±13% (1σ).
Zircon fi ssion-track (ZFT) age distributions were determined for four samples (samples C1, C4, P19, P56; Fig. 2A ; Table 2 ) from modern glacial outwash sediments collected at the ends of Barry and Harvard Glaciers on the south side of the Chugach Mountains divide and Knik and Matanuska Glaciers on the north side ( Fig. 2A ). Ages were determined using standard external detector methods (see Data Repository [footnote 1]) for up to 100 grains per sample. Because the glaciers effectively sample bedrock (Valdez Group sandstone) along their entire length ( Fig. DR1 [see footnote 1] ), large age dispersion is expected. The age distributions were decomposed with a binomial peak-fi tting algorithm (Galbraith and Green, 1990; Brandon, 1992) using the program Binomfi t of Brandon (2002) . Three or four age peaks were determined for each sample (see Data Repository and Fig. DR2 [see footnote 1]). Detrital ZFT peak ages that are fully reset (i.e., are younger than the source rocks) provide valuable information on exhumation rate and magnitude for the exhumed source region (e.g., Garver et al., 1999; Bernet and Garver, 2005) .
THERMOCHRONOLOGY AGE RESULTS
The new thermochronology results for samples from this study are discussed next, and then they are synthesized with published data.
Apatite (U-Th)/He Ages
New AHe ages range from 1.4 ± 0.1 Ma to 20.7 ± 2.7 Ma (Table 1; Fig. 2A ). AHe ages generally decrease from ca. 10-20 Ma south of the Contact fault zone in Prince William Sound to 4-8 Ma north of the Contact fault in the Chugach Mountains core ( Figs. 2A and 3) . One sample located on Montague Island (P35) from Tertiary Orca Group sandstone yields the youngest AHe age in the sample suite of 1.4 ± 0.1 Ma (Fig.  2A) . The core region of the Chugach Mountains north of the Contact fault includes samples collected at sea level in fi ords that extend into the mountains. AHe ages across the region between the Contact and Border Ranges fault systems generally increase from ca. 4 Ma to 8 Ma (Figs. 2A and 3); this increase is at least partly related to the higher elevation of the more northern samples. Combined with ages from the surrounding region, AHe ages get younger from the south to north and from the east to west to form a bull'seye pattern of younger ages that is located at the area of maximum structural curvature between the Contact and Border Ranges fault zones (Fig.  2B) (Arkle, 2011; Armstrong et al., 2011) .
Apatite Fission-Track Ages
New AFT ages range from 4.4 ± 0.5 Ma to 37.4 ± 4.6 Ma (Table 1 as doi:10.1130/B30738.1 Geological Society of America Bulletin, published online on 5 April 2013 north of the Contact fault and 13.68 ± 1.37 µm for a sample to the south. The long track lengths indicate relatively rapid cooling through the apatite partial annealing zone. Like the AHe ages, AFT ages form a bull's-eye pattern of younger ages centered between the Contact fault and Mount Marcus Baker (Fig. 2C) Fig. 2A ). One granitic sample from south of the Contact fault in Prince William Sound yielded an age of 33.9 ± 2.4 Ma.
Zircon Fission-Track Ages
The four glacial outwash samples yielded ZFT ages with large age dispersion. We calculated weighted mean ages of all peaks and weighted peak ages of the youngest two peaks in order to contrast cooling rates and timing on either side of the range ( Table 2 ). The weighted mean of all peaks can be interpreted to characterize average cooling rate and timing over the entire catchment, whereas the younger peaks capture the most recent phases of cooling. We group the two youngest peaks because the youngest peak (P1 in Table 2 ; Fig. DR2 [see footnote 1]) is less than ~5% of the total grains in three of the four samples. On the south side of the range, the Barry Glacier age distribution is decomposed into three peaks of 23 Ma (44%), 30 Ma (51%), and 45 Ma (6%), with a weighted mean age of 28 Ma ( Table 2 ). The two youngest peaks have a weighted mean age of 27 Ma. Harvard Glacier has four peaks of 19 Ma (5%), 28 Ma (54%), 33 Ma (33%), and 44 Ma (8%), with a weighted mean age of 30 Ma. The two youngest peaks have a weighted mean age of 27 Ma. On the north side of the range, ZFT weighted mean ages from two glaciers are older than those on the south. Matanuska Glacier has four peaks of 22 Ma (2%), 38 Ma (17%), 53 Ma (48%), and 65 Ma (34%), with a weighted mean age of 54 Ma. The two youngest peaks have a weighted mean age of 36 Ma. Knik Glacier has four peaks of 24 Ma (2%), 45 Ma (46%), 61 Ma (43%), and 98 Ma (9%). The three youngest peaks are younger than the Valdez Group depositional age and therefore have been reset. The weighted mean age of the reset peak ages is 52 Ma, and the two youngest two peaks have a weighted mean age of 44 Ma. Figure 3 shows age distributions of the glacial outwash, and the approximate width of the range traversed by the glaciers is shown in Figure DR1 (see footnote 1) . Importantly, all samples have one or more Oligocene or younger age peaks. The southern glacier samples have 90% or more grain ages younger than ca. 33 Ma, whereas the northern glacier samples have <5% grain ages younger than 33 Ma. The age distributions suggest that at least parts of the range, especially the southern (windward) side, were exhumed through the ZFT closure temperature since ca. 30 Ma.
Regional and Local Synthesis of Ages
The combination of our new AHe and AFT ages with published data from the surrounding regions form a bull's-eye pattern of young ages located in the Chugach core region (Figs. 2B, 2C, and 3). The spatial distribution of the ages closely follows the arcuate structural grain, and, for both AHe and AFT ages, the spatial age gradients are steepest from south to north across the Contact fault system and generally more diffuse from the Kenai Mountains and Valdez area northeastward and northwestward, respectively, toward Mount Marcus Baker (Figs. 2B and 2C) .
Ages for all of the thermochronologic systems get younger into the core of the Chugach Mountains when projected onto a NW-SE-oriented transect (Fig. 3) (Kveton , 1989) ; north of the Contact fault system, the weighted average of the two youngest age peaks from glacial outwash samples is ca. 27 Ma south of the range divide and ca. 35-45 Ma north of the divide. Bedrock ZFT ages increase to 38-50 Ma north of the Border Ranges fault. Thus, all the age systems: (1) have been reset in the syntaxial core region between the Contact and Border Ranges fault systems and (2) collectively form a regionally nested system of ages with the major age changes, especially for the lower-temperature AHe and AFT systems (Fig. 3) , centered on the Contact and Border Ranges fault systems.
The most signifi cant age contrast occurs in southern Prince William Sound at Montague Island. Our one sample is from the footwall of the Hanning Bay fault and the hanging wall of the Patton Bay fault. These two faults are splays off the megathrust and produced vertical displacement up to ~9 m from the 1964 M w 9.2 earthquake (Malloy, 1964; Plafker, 1967) . Thus, the relatively young AHe and AFT ages on Montague Island indicate that rapid longterm (10 6 yr) rock uplift and exhumation are occurring in the southernmost Prince William Sound with respect to the Chugach core farther north. Buscher et al. (2008) postulated that young exhumation near Cordova may bend to the southwest and continue along through-going structures to Montague Island, which may result in rapid rock uplift in southernmost Prince William Sound related to thin-skinned thrusting or pop-up structures associated with megathrust splay faults .
Though most of the age variation occurs along a NW-SE transect (Fig. 3) , signifi cant age reduction occurs along a SW to NE trend in the area of Whittier (Fig. 2) . AHe ages are ca. 15 Ma, and one AFT age is 33 Ma at Whittier and along Turnagain Arm, but ages decrease to 5-6 Ma and 12-13 Ma, respectively, just 10 km to the NE. Farther SW in the Kenai Mountains, AHe ages are 13-20 Ma, indicating that AHe ages may be relatively old across the Kenai Mountains region (Buscher et al., 2008) . The abruptly younger ages NE of Whittier may indicate the presence of an undocumented through-going NW-striking structure that may be an important structural transition dividing the Kenai and western Chugach Mountains. It is also possible that this may mark the western limit of the high P-wave velocity imagined by Eberhart-Phillips et al. (2006) and/or underplated material imaged by Fuis et al. (2008) . The diffuse pattern around the periphery of the Chugach core may result from a lack of ages, which requires interpolation over data gaps. However, the contoured increase of AHe ages (Fig. 2) away from Chugach core southwestward into the Kenai Mountains and eastward toward Valdez seems reasonable given the relatively older peripheral AHe ages (Buscher et al., 2008) in these areas.
Minor differences in AHe ages across College and Harriman Fiords suggest that differential rock uplift may be partitioned along faults obscured by glaciers and the fi ords (Figs. 2 and 4) . The largest difference in AHe ages is observed in the northern reach of College Fiord, where ages are ca. 3.8-4.0 Ma and ca. 5.2-5.3 Ma on the southeast and northwest sides, respectively (Fig. 4) . Assuming a typical geothermal gradient for this region of 22 °C/km (Magoon, 1986) and monotonic exhumation since 5 Ma, this age difference corresponds to a 0.2 mm/yr difference in exhumation rate and ~1000 m of southside-up motion across northern College Fiord. Although the AHe age difference is relatively small (~1.5 m.y.) across College Fiord, we speculate that these data combined with the arcuate geomorphology of fi ords and glacial valleys may indicate that internal subsidiary faults are present just inboard of the Contact fault. Subsidiary faults could cause focused rock uplift in narrow blocks between faults of the overall fault system. If present, these faults probably control the locations and orientations of glacier and fi ord systems.
TEMPERATURE HISTORIES
There are clearly signifi cant differences in cooling histories from the regions north and south of the Contact fault. In Figure 5A , the different thermochronometers are grouped and averaged for these two broad regions and plotted as a function of closure temperature. In order to better assess the temperature histories from these two regions, we used the program HeFTy (Ketcham, 2005) to model the AFT and AHe data from two representative samples from north (P13) and south (P34) of the Contact fault. These samples were chosen because they have sufficient age, track length, and kinetic data for modeling and because they both are granitic samples with known emplacement ages of 35-36 Ma (Nelson et al., 1985) . The parameters used in the modeling and representative model runs are given in the Data Repository (see footnote 1).
North of the Contact fault, the postemplacement cooling rate was relatively constant at ~5 °C/m.y. from >200 °C to 60 °C between 35 and ca. 4 Ma. In the last <5 m.y., the cooling rate was 10 °C/m.y. (Fig. 5B) . In contrast, the sample from south of the Contact fault cooled rapidly from >200 °C to ~80 °C ca. 35-40 Ma (Fig. 5C ). This rapid cooling indicates that the intrusion was emplaced in the upper crust at depths of ~3-4 km, so that it rapidly cooled to ambient crustal temperatures. Heating associated with these intrusions probably also partially or totally reset the detrital ZFT ages in the host Orca Group sandstones in Prince William Sound, which average ca. 40 Ma (Kveton, 1989) . Between 35 Ma and ca. 12 Ma, cooling was very slow at <1 °C/m.y., and since then cooling has been ~5 °C/m.y., though the rate is poorly constrained over the last ~12 m.y. The cooling histories from AFT and AHe modeling (Figs. 5B and 5C) generally agree with the cooling histories based on the average ages and closure temperatures for the north and south sides of the Contact fault (Fig. 5A ). These regional cooling patterns refl ect signifi cant differences in rates and timing of exhumation in the western Chugach Mountains syntaxial core north of the Contact fault and the Prince William Sound region to the south.
EXHUMATION RATES
Spatially averaged exhumation rates are commonly determined with multiple samples from vertical transects (e.g., Fitzgerald et al., 1995; O'Sullivan and Currie, 1996; Reiners and Brandon, 2006) . In this study, exhumation rates are calculated from single AHe and AFT ages using a modifi ed approach from Brandon et al. (1998) . Exhumation rates are also derived from AHe ages from an ~1 km elevation transect and from a spatially and vertically varying sample set from across the core of the western Chugach Mountains.
Single-Sample Elevation-Corrected Exhumation Rates
To constrain exhumation rates for single samples at sea level, a typical AFT closure temperature of 110 °C is used (Reiners and Brandon, 2006) . AHe closure temperatures vary with grain size, cooling rate, and radiation damage Farley, 2000; Flowers et al., 2009 ). See Data Repository for effective uranium concentration (eU) evaluation (see footnote 1). AHe closure temperatures were calculated using the program CLOSURE from Brandon et al. (1998) (Table 1) . We do not account for radiation damage (Flowers et al., 2009 ) in our AHe closure temperature estimates, but we expect radiation damage to have minimal effect because our samples show little or no correlation of intrasample single-grain ages with eU concentration (Table DR1 [see footnote 1]). AFT closure temperatures vary mainly with cooling rate and annealing kinetics (e.g., Donelick et al., 2005) . We do not account for variable kinetic parameters in AFT closure temperatures for exhumation rate calculations because our measured kinetic parame ters (Dpar) show only small variation from sample to sample (average ~1.5 µm). However, variations in T c for both AHe and AFT will contribute error to our calculated exhumation rates. Calculated exhumation rates also assume a constant geothermal gradient (g 0 ) of 22 °C/km (Magoon, 1986) , an average surface temperature (T s ) of 0 °C (Péwé, 1975) , and steady-state topography.
To account for the effect of long-wavelength topography on the shape of shallow isotherms (e.g., Stüwe et al., 1994; Mancktelow and Grasemann, 1997) , sample elevations were corrected relative to the mean local elevation. The elevation-corrected closure depth (Z c ) for AHe and AFT samples is calculated using a modifi ed equation described by Brandon et al. (1998) :
, (1) where ∆h is the difference between the actual elevation of a sample h and the average elevation h m around a sample, and Z′ c is the effective depth to the closure temperature (T c ) below the mean elevation. We use the average elevation h m for a 10-km-radius area around each sample derived from (90 m) digital elevation model (DEM) data. The ∆h ranges from -760 m to 214 m ( Table 1 ). The modeled exhumation rate (ε) is a function of the thermochronometer age (t) and the elevation-corrected closure depth: ε = Z c /t.
Average closure temperatures and depths for the AHe samples are ~64.2 °C and ~2.7 km, and average AFT closure depths are ~4.8 km (Table 1) . AHe ages yield exhumation rates that range from 0.1 to 2.4 mm/yr and average 0.5 mm/yr (Table 1; Fig. 6 ). AFT ages yield exhumation rates that range from 0.1 to 1.0 mm/yr and average 0.4 mm/yr. Estimating errors in exhumation rates is diffi cult due to the complex uncertainties in Z c . However, using the average relative uncertainties for AHe and AFT ages of 17% and 12%, respectively, and assuming a conservative uncertainty of ±25% for Z c , standard error propagation leads to ~30% error in the exhumation rate calculations.
AHe exhumation rates north of the Contact fault in the Chugach core and fi ords typically are 0.4-0.7 mm/yr and two times higher than rates south of the Contact fault in Prince William Sound, where they typically are 0.1-0.2 mm/yr (Fig. 6) . The AFT-derived rates show the same spatial pattern, producing an average exhumation rate of 0.5 mm/yr north of the Contact fault and average of ~0.2 mm/yr south of the Contact fault. South of the Montague Strait fault in southernmost Prince William Sound, one sample yields Miocene to recent AHe and AFT exhumation rates of 2.4 and 1.0 mm/yr.
With the exception of the Montague Island sample, maximum exhumation rates occur just north of the Contact fault and south (windward) of the range divide in the region where the fi ords extend the farthest into the range (Fig. 6) . Note that the highest exhumation rates were derived from sea-level samples, even though the average elevation around the fi ords may be >1 km. Farther north, the exhumation rates decrease to ~0.2 mm/yr at the Border Ranges fault. Thus, the exhumation rates display an asymmetric pattern, with the highest rates concentrated along the Contact fault system and on the windward side of the range where glaciers extend to the fi ords.
Age-Elevation Relations
We explore age-elevation relationships for the regional data and for a single vertical transect (Fig. 7) . Figure 7A shows the regional AHe age versus elevation relations for samples collected from the northernmost fi ords to north of Mount Marcus Baker, all within the western Chugach Mountains syntaxis. The ages range from ca. 4-6 Ma at sea level to 7-8 Ma at 1.3-1.7 km elevations. A regression yields an average exhumation rate of 0.4 mm/yr and a projected AHe closure temperature depth of 1.9 km, which is ~800 m shallower than the calculated depth of ~2.7 km. We acknowledge that the scatter of sealevel samples signifi cantly affects the slopes, but the maximum slope allowed by the data is 0.5 mm/yr with a projected closure depth of 2.7 km, and the minimum slope is 0.4 mm/yr with a closure depth of 1.7 km. This indicates that either this time-averaged rate estimate may be lower than the average elevation-age slope, or that exhumation may have increased at or after the youngest low-elevation sample age of ca. 4 Ma. The ranges of slopes yield rates consistent with the average single sample rates (Fig. 6 ) and suggest time-averaged exhumation of the Chugach Mountains core has been ~0.4-0.5 mm/yr since at least 8 Ma. However, samples closest to the Contact fault yield single sample exhumation rates that are higher than this average rate. The consistent pattern and magnitude of AHe-and AFT-derived exhumation rates imply that long- term exhumation of the Chugach core has been steady since at least the mid-late Miocene (AFT ages in the Chugach core), but they do not preclude an increase in exhumation rate in the last ~4-5 m.y. This is consistent with the increase in cooling rates (Fig. 5B) , which also suggests an increase in rock uplift and exhumation rates in the last ~4-5 m.y. or less.
Although the regional elevation profi le gives an average exhumation rate, an additional vertical elevation transect spanning 1000 m elevation collected from the northwest side of Harriman Fiord on Mount Muir (Figs. 1 and 8A) shows the potential complications with age-elevation profi les in faulted regions. AHe ages at sea level are 4-6 Ma, increase to 8 Ma at 250 m, decrease to 5 Ma at 750 m, and increase again to 8 Ma at 1000 m to form a zigzag pattern (Fig. 7B) . The general age-elevation trend (~0.5 mm/yr) is consistent with the regional trend in Figure  7A , and the sea-level sample ages are the same (4-6 Ma). However, the zigzag pattern suggests the profi le was offset by faults, so that the age trend reverses with higher elevation (Prior et al., 2010) . Faults are diffi cult to recognize in the monotonous rocks of the Valdez Group, but at least one reverse fault offsetting a felsic dike and the sample transect was apparent in the fi eld (Fig. 8B) . Haeussler et al. (2008) documented a similar pattern of cooling ages in the Tordrillo Mountains of the western Alaska Range, which they attributed to thrust faults. Our age-elevation transect is also in the region where fi ord and glacial valley trends may be controlled by faulting, as discussed earlier. Thus, reverse faulting may be ubiquitous across the windward region adjacent to the Contact fault and may be the principal mechanism by which rocks of the southern edge of the western Chugach Mountains are uplifted and exhumed.
INTERPRETATIONS AND DISCUSSION
Exhumation of the Western Chugach Mountains and Northern Prince William Sound
A critical result from this study is the major difference in rock uplift centered on the Contact fault system, which has been the subject of debate as to whether it is a structure that has accommodated Miocene to recent deformation (Dumoulin, 1988; Bol and Gibbons, 1992) . AHe and AFT ages decrease by 50% (Fig. 4) , and the average exhumation rate increases by a factor of two from south to north across the Contact fault (Fig. 6) . These fi ndings suggest that the Contact fault system may be a major structural boundary that has accommodated a signifi cant amount of differential rock uplift since the mid-late Miocene, and perhaps longer. Alternatively, the steep south-to-north AFT and AHe age (and exhumation rate) gradients centered on the Contact fault system may be due to general rock uplift of the region rather than offset across a fault system, perhaps above a growing duplex or antiformal stack, as suggested by Pavlis et al. (2012) for the fold-and-thrust belt of the Saint Elias orogen.
The combined cooling data and modeling (Fig. 5) provide constraints on the magnitude of rock uplift in the western Chugach syntaxis and can be used to estimate the magnitude of rock uplift above the subducting Yakutat slab. Assuming a relatively low, but constant (in depth and time) geothermal gradient of 22 °C/km (Magoon, 1986) and surface temperature 0 °C, we can estimate exhumation magnitudes. The highest-temperature thermochronometer (ZFT) indicates that the maximum amount of exhumation in the western Chugach Mountain core since the time of closure is ~9-10 km. Assuming the average eleva tion was zero before rock uplift began and a current mean elevation of 1 km, these data constrain the total magnitude of rock uplift to ~11 km since ca. 30-35 Ma in the western Chugach core north of the Contact fault system. In contrast, very slow cooling of the region between the Contact fault and Montague Island from ~100 °C indicates 4-5 km of exhumation in this part of Prince William Sound for the same time period. Our exhumation magnitudes outside the Chugach core area are greater than those reported by Buscher et al. (2008) , who interpreted 2-3 km of exhumation since the Miocene for the Kenai and Chugach Mountains; our estimates are higher because they are based on a longer time period at about the same exhumation rate. We note that the present-day geothermal gradient of 22 °C/km is relatively low, presumably due to cooling related to subduction of the relatively cool Yakutat microplate; the present-day geothermal gradient is consistent with the thermal models of Gutscher and Peacock (2003) for fl at-slab subduction of the Yakutat microplate. However, if the cooling effects of subduction (e.g., Cloos, 1985) were greater in the past, then the exhumation magnitude may be greater than reported here. 
Constraints on Timing of Flat-Slab Subduction
Our new exhumation and cooling history constraints provide insight into the competing hypothe ses of subduction initiation of the buoyant fl at-slab portion of the Yakutat microplate. Deformation related to Yakutat microplate subduction generally is thought to have initiated as normal oceanic crustal subduction ca. 30 Ma (Plafker, 1987; . In this model, the buoyant, continental-like part of the Yakutat microplate began to subduct at a shallow angle starting in the middle Miocene (ca. 12-15 Ma); this timing is based on the age of thick successions of Neogene strata such as the Yakataga Formation overlying the Yakutat micro plate . This timing also is consistent with the geophysically imaged length of the thickened Yakutat microplate extending 650 km inboard from the present-day collisional front (Ferris et al., 2003) , which would take ~12 m.y. at modern plate motion rates of 55 mm/yr as suggested by Koons et al. (2010) . Several low-temperature thermochronometry studies from the Saint Elias orogen (e.g., O'Sullivan and Currie, 1996; Enkel mann et al., 2008; Meigs et al., 2008) , the Alaska Range (e.g., Fitzgerald et al., 1995; Beno witz et al., 2011; Haeussler et al., 2008) , and the Talkeetna Mountains (Parry et al., 2001; Hoffman and Armstrong, 2006) are consistent with widespread Miocene to Holocene deformation potentially related to fl at-slab subduction, but by themselves they do not directly constrain the initiation of fl at-slab subduction. In contrast, Finzel et al. (2011) used stratigraphic, provenance, thermochronologic, and geochronologic data to argue that fl at-slab-related processes began in southern Alaska in late Eocene-early Oligo cene time. Their analysis suggested that (1) regional exhumation in the upper plate above and around the fl at-slab subduction began ca. 43 Ma; (2) fl at-slab subduction essentially shut off magmatism ca. 32 Ma; and (3) fl at-slab subduction caused enhanced basin subsidence along the northern and western borders of the fl at-slab region. We suggest that prior to thick Yakutat arrival, emplacement of granitic intrusions at ca. 35-36 Ma (Nelson et al., 1985) in Prince William Sound partially or totally reset detrital ZFT ages in the region (Kveton, 1989) . In our study, AFT and ZHe ages south of the Contact fault are synchronous with Eocene-Oligocene magmatism, and they indicate rapid cooling followed by relatively slow and nearly steady cooling to the present (Figs. 5A and 5C ). Additionally, three of the four detrital samples from modern glaciers that cross the Chugach core yield reset ZFT age populations with largest peak ages between 28 and 45 Ma (Table 2 ). These ages are probably not related to intrusion heating because there are only small isolated intrusions in the Chugach core crossed and sampled by the glaciers, and thus we interpret the reset detrital ZFT ages to be related to rock uplift and exhumation cooling. Although there may have been a slight increase in cooling at ca. 10-15 Ma, both north and south of the Contact fault (Fig. 5) , we suggest that arrival of a thick slab at that time would have caused considerably more exhumation and related cooling than what we observe. Our data indicate that relatively constant cooling started ca. 30-35 Ma regionally, and perhaps earlier in areas not affected by intrusion heating, and these results are more consistent with long-term exhumation in the western Chugach syntaxis related to a late Eocene-early Oligocene initiation of fl at-slab subduction as suggested by Finzel et al. (2011) . However, our thermal model results (Fig.  5) show that there are acceptable cooling curves with possible rapid cooling at 10-15 Ma; thus, we cannot completely rule out a middle Miocene cooling event with our data.
Exhumational Steady State?
We suggest that the age-location relationships in the western Chugach core indicate that the orogen has approached exhumational steady state as defi ned by Willett and Brandon (2002) . In exhumational steady state, the ages will display spatially nested reset zones that are organized with the highest closure temperature ages located in the center. Steady-state models (Batt et al., 2001; Batt and Brandon, 2002; Willett and Brandon, 2002) show that as erosion begins to keep pace with rock uplift at million-year time scales, the spatial extent of reset ages broadens, and the ages across the region show little variation. The ages from each system across the western Chugach core are all reset and show relatively little age variation with distance in the centers of the reset zones, particularly for the lowest-temperature systems (Fig. 3) . The spatial age distribution clearly shows that exhumation is focused in the core of the Chugach range at the base of the highest topography. AHe and AFT ages in the Chugach core cluster at ca. 5-6 Ma and 8-12 Ma, respectively, over a broad area of ~70 km (Figs. 3 and 4) . Additionally, the higher-temperature ages are nested and are reset in the center. The relatively older ages and larger age variations north of the Border Ranges fault in the Talkeetna Mountains, as well as in the Kenai Mountains to the southwest and Chugach Mountains to the east, indicate relatively little exhumation and that exhumational steady state does not apply there. The nested pattern of ages is similar to other natural settings where exhumational steady state has been suggested; these include the Olympic Mountains (Batt and Brandon, 2002) ; the Southern Alps of New Zealand (Sutherland, 1996; Walcott, 1998; Batt and Brandon, 2002) ; and Taiwan (Willett et al., 2003) . Even though we interpret the Chugach core to be in or approaching exhumational steady state, increased Pliocene exhumation due to the dynamic feedbacks of increased rock uplift and climate-related glacial activity cause the range to be out of topographic steady state. 
Mechanisms of Rock Uplift in the Western Chugach Mountains
One of the primary goals of this study is to address mechanisms of deformation and mountain building in the orogenic wedge (western Chugach Mountains) located more than 200 km northwest of the trench and the Yakutat collision front. Buscher et al. (2008) provided a summary of potential rock uplift mechanisms for the Kenai and Chugach Mountain region, which included fl exure of the upper plate, dynamic changes caused by density contrasts in the mantle, frontal accretion, and underplating. Numerical and theoretical models show that for convergent orogens under steady-state conditions, thermochronometers and topographic distributions have the potential to discriminate between frontal accretion and underplating in convergent orogens (Willett et al., 2001; Willett and Brandon, 2002) . These models show an accretionary wedge bounded by conjugate reverse faults with an accretionary front (pro-wedge) and the opposing fl ank (retro-wedge) (Koons, 1990; Willett et al., 1993 Willett et al., , 2001 Batt et al., 2001; Batt and Brandon, 2002) .
One end-member model considers that crustal deformation is dominantly driven by mass fl ux into and through the orogen, such that all crustal material is added by frontal accretion. This model requires that the wedge shortens internally (i.e., pure shear). Material at the surface moves at a constant vertical velocity, but the horizontal velocity of material decreases linearly from the pro-wedge to the retro-wedge, resulting in an asymmetric topographic form with the main range drainage divide offset toward the retro-wedge (Koons, 1990; Willett et al., 2001; Whipple and Meade, 2006) . The second end-member model addresses underplating as the dominant mode of material accretion. Substantial underplating below the orogenic wedge would result in uniform uplift of the wedge. This process requires little to no internal shortening (Willett et al., 2001) , but the entire wedge may still be carried in the convergence direction. In contrast to the frontal accretion model, the topographic divide would be located at approximately equal distances from the fl anks, as long as orographic effects do not force the divide to migrate (Willett et al., 2001) .
Thermochronometers may refl ect material paths related to these end-member scenarios. In the frontal accretion case, ages would decrease linearly from the pro-wedge to near the topographic divide where erosion rates are highest. Additionally, the nested zones of reset ages for higher-temperature ages would be successively shifted in the direction of convergence toward the retro-wedge (Batt et al., 2001; Batt and Brandon, 2002; Willett and Brandon, 2002) . In the underplating case, the ages from a specifi c thermochronometer would show little age variation across the wedge, indicating uniform uplift of the wedge, and the zones of reset ages would be nearly symmetric, with location of the minimum age for each system in the same region (Batt et al., 2001; Batt and Brandon, 2002; Willett and Brandon, 2002) .
We suggest that the pattern of ages and exhumation in the western Chugach Mountains more closely matches model predictions of wedge deformation driven dominantly by underplating (Fig. 9) . All of the thermochronometers show little variation in age across the wedge, indicating nearly uniform rock uplift in the core of the Chugach (Fig. 3) . In the western Chugach Mountains, the zones of reset ages are nearly evenly distributed across the wedge, or they are asymmetric to the south in the opposite direction of convergence.
The distribution of topography and location of the topographic divide also imply that the vertical component of displacement is more significant than the horizontal component. Topographic profi les show that the topographic divide is located about equal distances between the Contact and Border Ranges fault systems (Fig. 6) , which form the pro-and retro-wedge boundaries, and this is consistent with model predictions of wedge evolution dominantly driven by underplating. Pavlis and Bruhn (1983) proposed underplating for this area whereby deep-seated fl ow and ductile deformation above the subduction interface cause dynamic uplift of a broad forearc ridge. Buscher et al. (2008) also suggested underplating as a possible mechanism for the relatively minor uplift in the Kenai and Chugach Mountains surrounding the Chugach core. An underplating interpretation is also consistent with geophysical data that show underplated material below the western Chugach Mountains and Prince William Sound, which is thought to be a previously underplated fragment of the Yakutat terrane (Fuis et al., 2008) . Seismic tomography also shows high P-wave velocities under the western Chugach Mountain core (Eberhart-Phillips et al., 2006) , which may indicate bulk rock uplift of deeper buried rocks, consistent with underplating. Refl ectors from deep seismic-refl ection profi les from just southwest of the Kenai Peninsula are interpreted to represent Eocene underplating southeast of the Border Ranges fault system (Moore et al., 1991; Ye et al., 1997) . New gravity and published magnetic data and 2.5-dimensional cross-sectional models across the Cook Inlet basin and Border Ranges fault system are consistent with low-density sediments being subducted beneath the accretionary complex (Mankhemthong et al., 2013) . Bulk uplift is also consistent with the thermal-mechanical models of Koons et al. (2010) , which show increased vertical velocities in their convergent sub-boundary area above the subducting Yakutat microplate and adjacent to the Chugach core region.
Even though we interpret underplating as the dominant driver of rock uplift, the steep gradient in AFT and AHe ages and associated exhumation rates centered on the Contact fault system indicate that it may be a critical structure, or structural zone (Bol and Gibbons, 1992) , for rock uplift along the pro-wedge fl ank. This age pattern indicates more rapid exhumation along the Contact fault structural zone, where narrow fault-bounded blocks have lower mean elevations than the more slowly exhumed rocks farther north in the core of the range. Thus, material within the majority of the wedge interior may experience little to no shortening, but shortening and related rock uplift instead are concentrated along the wedge boundary.
With underplating along the megathrust, the underplated Yakutat material may become highly coupled with the overriding crust of the southern Alaska block (Zweck et al., 2002) . The locked interface may carry the crustal wedge northwestward into the Wrangellia-Peninsular terrane along the Border Ranges fault zone, which acts as a ramp-like backstop (Little and Naeser, 1989) . The net effect of northward under thrusting of the Yakutat coupled to the overriding wedge is to uplift the region between the Contact and Border Ranges fault systems (Fig. 9) ; abundant geological data indicate rock uplift across this region. The Border Ranges fault system is a complex fault system that has focused deformation during a long Jurassic to Neogene history with periods of both strike-slip and dip-slip motion (Pavlis and Roeske, 2007) . Dip-slip motion on high-angle faults is thought to be generally restricted to the Eocene (Little and Naeser, 1989 ) and the Neogene (Little and Naeser, 1989; Pavlis and Bruhn, 1983) and is related to forearc basin accretionary prism development (Pavlis and Roeske, 2007) . Rocks south and east of the Border Ranges fault system were uplifted along these high-angle faults. Tertiary deformation of the Cook Inlet began in the Neogene on the northwest and downdropped side of the Border Ranges fault system (Haeussler et al., 2000; Bruhn and Haeussler, 2006; Haeussler and Saltus, 2011) . The Contact fault system is also a complex fault system that displays dominantly strike-slip notion to the southeast (Bol and Roeske, 1992) and reverse-fault dip-slip motion to the northwest in the Chugach core (Bol and Gibbons, 1992) . However, detailed structural analysis by Bol and Gibbons (1992) showed that the Contact fault system in the Chugach core represents an out-of-sequence reverse fault system that formed during accretionary prism development. Plate-motion changes (Engebretson et al., 1985; Stock and Molnar, 1988) generally are interpreted as the cause of initiation or reactivation of dip-slip deformation along the Border Ranges and Contact fault systems in the Eocene (Little and Naeser, 1989; Bol and Gibbons, 1992) ; alternatively, we suggest that initial effects of fl at-slab subduction may have resulted in late Eocene-early Oligocene uplift along and between the Border Ranges and Contact fault systems. Shortening related to potential underplating is also evident in GPS data; geodetic models indicate that, after subtraction of viscoelastic locking models from observed velocities, the residual velocities in the College Fiord area are moving ~5-10 mm/yr NNW at decadal time scales with respect to areas north of the Border Ranges fault system (Suito and Freymueller, 2009 ). Thus, our thermochronology data are consistent with other data and indicate that underplating probably causes bulk rock uplift across the western Chugach Mountains. Additionally, exhumation rates are two times higher adjacent to and within the Contact fault system, and we therefore interpret that the bulk of permanent shortening at million-year time scales related to underplating and coupling along the megathrust is focused on reverse faults in a narrow region along the Contact fault system.
Underplating above the subducting Yakutat microplate is probably not occurring only under the Chugach core, where exhumation rates are greatest, but is widely distributed along the Kenai and Chugach Mountain system (Moore et al., 1991; Fuis et al., 2008) , where exhumation rates are much lower. However, the Chugach core is located above the center of the subducted Yakutat microplate (Fig. 1) (Eberhart-Phillips et al., 2006) and at the location of the maximum curvature of the Border Ranges and Contact fault systems that border the Chugach core to the north and south. We speculate that underplated material that is affi xed to the overriding plate is essentially jammed into this core region, where processes such as threedimensional fault duplexing and/or antiformal stacking concentrate rock uplift and exhumation, as suggested by Pavlis et al. (2012) for the Saint Elias orogen. East of the Chugach core, displacement in the overriding plate has been dominantly strike slip along major fault systems (Bol and Gibbons, 1992; Pavlis and Roeske, 2007) , and underplating under this region will not be forced up against a backstop. In the Chugach core area, the underplated rocks and overriding Chugach terrane will be forced up against the backstop (Fig. 9) to focus exhumation. Farther southwest and in the Kenai Mountains, the exhumation decreases toward the subducted edge of the shallow-dipping Yaku tat microplate as defi ned by Eberhart-Phillips et al. (2006) (Fig. 1) . In the lateral transition from shallow subduction to steeper subduction, the uplift effects of underplating in the upper plate may diminish so that exhumation rates decrease to the southwest.
Drivers of Exhumation in the Last 5 Million Years: Tectonics and Climate
Our results show that cooling rates in the western Chugach core have increased sometime in the last ~4-5 m.y., which is consistent with nearly every low-temperature thermochronology study in southern Alaska (e.g., Fitz gerald et al., 1995; O'Sullivan and Currie, 1996; Spotila et al., 2004; Berger et al., 2008a Berger et al., , 2008b Berger and Spotila, 2008; Enkelmann et al., 2008 Enkelmann et al., , 2009 Meigs et al., 2008; Spotila and Berger, 2010) and with increases in Pliocene sedimentation rates (e.g., Zellers, 1993) . The Pliocene increase in cooling rate is interpreted as being related to changes in tectonic activity, climate change and related increases in glacial erosion, or both. Many studies show that intensifi cation of glacial activity increased in the last ~2.5 m.y. in southern Alaska (Lagoe et al., 1993; Lagoe and Zellers, 1996) and in the Northern Hemisphere worldwide (Zachos et al., 2001; Lisiecki and Raymo, 2005) . Next, we review some of these causes of increased cooling rates for southern Alaska and their potential effects on the western Chugach core.
In the Alaska Range adjacent to the Denali fault, various tectonic-related mechanisms are interpreted to have caused rapid or increased exhumation rates in the last ~5 m.y. Fitzgerald et al. (1995) interpreted a break in slope of AFT age versus elevation profi le (4500 m) at 5-6 Ma to represent an increase in exhumation rate at that time, which they interpreted to be caused by a change in plate motion (Engebretson et al., 1985) that resulted in a greater component of contraction across the Denali fault in the Mount McKinley area. Haeussler et al. (2008) interpreted cooling histories from AFT and AHe data from the Tordrillo Mountains in the western Alaska Range to refl ect rapid cooling starting ca. 6 Ma caused by counterclockwise motion of southern Alaska south of the Denali fault due to the far-fi eld effects of Yakutat subduction. Benowitz et al. (2011) used multiple thermochronometers to interpret rapid Neogene cooling in the eastern Alaska Range as the continuing effects of long-term (~22 m.y.) uplift along the Denali fault system locally affected by transpressional variation due to changes in fault strike. They also correlated their ages with climatic cooling and suggested that at least part of the exhumation in the last ~3 m.y. may be related to increased glacial erosion.
The highest Neogene exhumation rates in Alaska are from the Saint Elias Range and eastern Chugach Mountains in southeast Alaska and are constrained by thermochronologic data (O'Sullivan and Currie, 1996; Spotila et al., 2004; Berger et al., 2008a Berger et al., , 2008b as doi:10.1130/B30738.1 Geological Society of America Bulletin, published online on 5 April 2013 Enkelmann et al., 2008 Enkelmann et al., , 2009 Meigs et al., 2008; Spotila and Berger, 2010) . This area is located along the current oblique Yakutat collision front and is being actively deformed in a thin-skinned fold-and-thrust belt. The rapid exhumation here (up to 4 mm/yr) is caused by thrust stacking and shortening in the orogenic wedge (Meigs et al., 2008; Berger et al., 2008a) , perhaps focused along fault systems that acted as backstops (Enkelmann et al., 2008; Berger et al., 2008b) , or above a growing three-dimensional antiformal stack (Pavlis et al., 2012) . Rapid exhumation is also caused by structural complexities adjacent to structural bends along syntaxial bends that form structural aneurysms (Enkelmann et al., 2009; Spotila and Berger, 2010) .
The rapid Neogene exhumation in the Saint Elias orogen is focused on the windward fl ank of the orogen, suggesting that climate and related glacier activity caused and/or enhanced rapid rock uplift and erosion. Glaciers currently cover much of the orogen, and most of the land surface was covered by glaciers that extended beyond the current coast in the late Pleistocene (Péwé, 1975) . Present coastal precipitation is ~3 m/yr on the windward side and decreases to <0.5 m/yr on the leeward side (Péwé, 1975) . The spatial coincidence of glacier equilibrium line altitudes (ELA) with zones of rapid exhumation suggests that glaciers control, at least in part, localized rock uplift and exhumation in the Saint Elias orogen (Meigs and Sauber, 2000; Spotila et al., 2004; Berger and Spotila, 2008; Berger et al., 2008a Berger et al., , 2008b . However, Meigs et al. (2008) argued that thermochonologic data do not allow the unique distinction between orographic/glacier-controlled exhumation and tectonic-controlled exhumation.
In the western Chugach and northern Prince William Sound, modern precipitation is ~3 m/yr on the windward side of the range and Prince William Sound, and it decreases to <0.4 m/yr on the leeward side of the range. The modern ELA is ~450 m and was below modern sea level during the Last Glacial Maximum along the windward side of the western Chugach Mountains and Kenai Peninsula (Péwé, 1975) . Thus, it is possible that increased precipitation and increased erosion due to glacial activity starting ca. 2.5 Ma (Lagoe et al., 1993; Lagoe and Zellers, 1996) could have caused the rapid Neogene exhumation in the Chugach core. Unfortunately, our thermochronologic data do not better constrain this younger part of the history because as much as 1-2 km of erosion, perhaps associated with climate change and glacier activity, could have occurred since the 4-5 Ma resetting of our lowest-temperature thermochronometers (AHe). However, the young AHe ages occur only in the Chugach core area and not along the Kenai Peninsula and east of the Chugach core near Valdez (Fig. 2) . As suggested by Buscher et al. (2008) , the relatively older AHe ages in these other areas away from the Chugach core where the glacial ELA and precipitation patterns are comparable suggest that tectonics is the main driver of exhumation because climaterelated exhumation should affect all these areas equally. Climate and related glacier erosion play a secondary role in modulating short-term exhumation patterns and keep the topography in a dynamic state, rather than a steady state. Thus, on the orogen scale, it seems that the fundamental control on rock uplift and exhumation in the Chugach core is tectonics, which produces positive feedbacks among the windward polarity of precipitation, glacial activity, and exhumation.
Our data do not uniquely constrain the tectonic causes of focused exhumation in the Chugach core during the last ~5 m.y. Changes in plate motion in the last 5.6 m.y. (Engebretson et al., 1985) could have caused increased rock uplift along the fault systems by changing the convergence 10°-15° counterclockwise to a more northwesterly direction. We do not favor the plate-motion change as the main cause of focusing exhumation in the Chugach core because the counterclockwise change would place a greater component of convergence on the Kenai Peninsula area, where long-term exhumation is not focused. Our preferred interpretation is that underplating, which may have started in the Oligocene, was enhanced in the Neogene. Pavlis et al. (2012) used crosssection restorations to suggest that the Yakataga segment of the Saint Elias orogen may have formed due to subduction of sediments eroded from the orogen in the last 2-3 m.y. The subduction of these sediments may have caused duplex stacking and regional antiform development beneath the coastal mountains, which drives the long-term rock uplift and rapid exhumation observed there. New gravity and published magnetic data and 2.5-D cross-sectional models across the western Chugach Mountains are consistent with low-density sediments being subducted beneath the accretionary complex since the Neogene (Mankhemthong et al., 2013) . We speculate that for the last ~5 m.y., coincident with deposition of the Yakataga Formation and foreland basin development in the Saint Elias orogen (Plafker, 1987; Lagoe et al., 1993) , fl atslab subduction may have carried the sediments northwest with the Yakutat microplate, where they were focused into the region beneath the Chugach core and underplated. Thus, focused underplating may have been occurring in the Chugach core since the middle Cenozoic, which allowed this part of the range to reach exhumational steady state, but an increase in the amount of subducted sediments may have caused enhanced underplating and increased exhumation rates during the Neogene.
CONCLUSIONS
We present a thermochronology data set for the western Chugach Mountains and Prince William Sound that constrains exhumation in a major syntaxial bend. Our ages, in combination with published ages, defi ne a regional pattern of focused exhumation centered in the western Chugach core, where ~11 km of exhumation has occurred since the late Eocene-early Oligocene. The age distributions support a model of exhumation in the western Chugach Mountains and Prince William Sound that is driven dominantly by underplating above fl at-slab subduction. Rock uplift is probably concentrated by the arcuate structural system in the syntaxial core region. Further, the highest exhumation rates are centered on the Contact fault system, which may be a critical structural system for facilitating and accommodating long-term (10 6 yr) rock uplift in the orogenic wedge.
All the thermochronometer systems display a nested spatial-age pattern across the Prince William Sound, western Chugach, and Talkeetna Mountains suggesting that the Chugach core region has approached exhumational steady state. However, exhumation rates have increased in the last ~4-5 m.y., perhaps in response to increased tectonic activity as documented in the Saint Elias region to the southeast and/or Pliocene climate change that resulted in more glacial activity. Although our data do not uniquely distinguish between a climate or tectonic cause for the Pliocene increase in exhumation rate, the lack of recent exhumation elsewhere along the coastal margin adjacent to the Chugach core region suggests that tectonics are responsible for the exhumation patterns. We speculate that accelerated rock uplift in the Chugach core during the Pliocene was caused by underplating of sediments eroded from the rapidly exhuming Saint Elias orogen that were subducted with the Yakutat microplate. Thus, the fundamental control on rock uplift in the Chugach core in the last ~4-5 m.y. is probably tectonics, which produces positive feedbacks among precipitation, glacial activity, and exhumation. 
